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February 15, 2001

Honorable Christine Todd Whitman
Administrator
U.S. Environmental Protection Agency
1200 Pennsylvania Ave., NW
Washington, DC 20460

Re:  Advisory on the Interagency Steering Committee on Radiation Standards (ISCORS)
Sewage Sludge Subcommittee, Radionuclides in Sewage Sludge: Dose Assessment,
Dose Modeling Report

Dear Ms. Whitman:

The enclosed Advisory was developed by the Radiation Advisory Committee (RAC) of the
Science Advisory Board (SAB) in response to a request from the Office of Radiation and Indoor Air
(ORIA) to review technical aspects of the Radionuclides in Sewage Sludge: Dose Assessment, Dose
Modeling Report that was developed by the Interagency Steering Committee on Radiation Standards
(ISCORS) Sewage Sludge Subcommittee (SSS).  ORIA, the SSS, and the RAC agreed to the
following charge questions during a public teleconference on November 27, 2000.

1.  Is the overall dose modeling methodology, including model selection, adequate?

2. Are the dose modeling scenarios reasonable?  Are they sufficiently representative of the
major exposure situations?  Does the document adequately explain them?

3. Are the approaches to obtaining modeling parameters and distributions scientifically
defensible?  Is the methodology’s approach for characterizing uncertainty appropriate?

The RAC held a public meeting on December 12, 13, and 14, 2000, at which it was briefed by
and had technical discussions with the members of the ISCORS SS S, Dose Modeling Workgroup and
received comments from members of the public.  Additional writing/editing sessions were held by
teleconference on December 21, 2000, and January 5, 2001.  The RAC organized its advisory around
the three charge questions and has provided some further advice to the agency in issues beyond the
charge.
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The RAC accepts the ISCORS SSS decision to address radiation exposure from sewage
sludge and ash with RESRAD, a model that is readily available, is widely used and allows a
probabilistic approach for quantifying dose, as well as the uncertainty associated with the dose
modeling results. The RAC strongly supports the use of other radiation dose models (e.g., PRESTO,
GENII, and MICROSHIELD) to benchmark RESRAD as it is used in the sewage sludge dose
modeling.  The RAC also encourages the ISCORS SSS to verify and document the capability of the
RESRAD family of codes to employ probabilistic input parameter values for the various exposure
scenarios.

The RAC accepts the ISCORS SSS proposal to characterize the impact of radionuclides in
sewage sludge in terms of “total effective dose equivalent” rather than attempting to go directly from
radionuclide intake and direct radiation exposure to “risk.”  In this particular application, total effective
dose equivalent is appropriate for use in comparing the results with existing standards and background
values.  The dose calculations were based on dose conversion factors given in Federal Guidance
Report (FGR) 11 that were derived using the 1977 International Commission on Radiological
Protection (ICRP) approach.  Revised ICRP dose coefficients for members of the public that
incorporate age differences have since been published and the RAC recommends that ICRP 72 (ICRP
1996) be used or that the influence of age on dose, especially as received by infants and children, be
considered in the assessment.

The RAC commends the ISCORS SSS for its identification and description of a range of
plausible radiation exposure scenarios affecting both workers and members of the general public. 
Although each of these scenarios is reasonable, potentially critcal exposure pathways have not been
fully examined.  Onsite and landfill exposure scenarios failed to completely account for important site-
specific heterogeneities such as fracture flow that could result in rapid and long-range transport of
radionuclides.  The RAC recommends that the SSS consider the possibility of both soluble and
colloidal transport of radionuclides associated with runoff from fields receiving sewage sludge
applications.  The SSS should evaluate the impact of the POTW sludge dewatering operations on the
transport and bioavailability of radionuclides in land-applied sewage sludge.  Although the RAC
recognizes that the SSS dose modeling effort was restricted to sewage sludge per se, the final
document should also discuss the potentially important contributions to dose of liquid effluents, either
from discharge to waters used for drinking water or from use for irrigation.

The RAC encourages the ISCORS SSS to explicitly incorporate the 40 CFR Part 503
guidelines (and other applicable requirements) that limit the design and operation of sewage sludge land
application, incineration, and surface disposal sites into the exposure scenarios.  The RAC also
encourages the SSS to incorporate existing and validated methodologies for determining reasonable
parameter values and recommends full characterization of the sludge and ash to include analysis for all
radionuclides. 

The description of the sensitivity and uncertainty analysis in the current draft is inadequate for
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judging whether or not it is appropriate.  The SSS should provide better documentation for the
selection of parameters and their distributions. 

The RAC appreciates the opportunity to provide this advisory to you and to the ISCORS SSS
and we hope that it will be helpful.  We look forward to the response of the Assistant Administrator for
Air and Radiation to the advisory in general and to the specific comments and recommendations in this
letter in particular.

Sincerely,

Dr. Morton Lippmann, Interim Chair
Science Advisory Board

Dr. Janet Johnson, Chair
Radiation Advisory Committee

Dr.  Jill Lipoti, Chair
RAC Sewage Sludge Subcommittee
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NOTICE

This advisory has been written as part of the activities of the Science Advisory Board (SAB), a
public advisory group providing extramural scientific information and advice to the Administrator and
other officials of the Environmental Protection Agency (EPA).  The Board is structured to provide
balanced, expert assessment of scientific matters related to problems facing the Agency.  This report
has not been reviewed for approval by the Agency and, hence, the contents of this report do not
necessarily represent the views and policies of the EPA nor of other agencies in the Executive Branch
of the Federal Government.  In addition, the mention of trade names or commercial products does not
constitute a recommendation for use.

Distribution and Availability: This Science Advisory Board report is provided to the EPA
Administrator, senior Agency management, appropriate program staff, interested members of the
public, and is posted on the SAB website (www.epa.gov/sab).  Information on its availability is also
provided in the SAB’s monthly newsletter (Happenings at the Science Advisory Board).  Additional
copies and further information are available from the SAB Staff.
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ABSTRACT

On December 12-14, 2000, a subcommittee of the Radiation Advisory Committee (RAC)1

conducted an advisory on the dose modeling report of the Interagency Steering Committee on2

Radiation Standards, Sewage Sludge Subcommittee (ISSS).  This included advice on dose modeling3

methodology, model selection, scenarios, approaches to obtaining modeling parameters and4

distributions, and approaches for uncertainty. 5

The RAC accepted  the ISSS’s decision to use the model RESRAD, but supported the use of6

other radiation dose models for benchmarking RESRAD’s application to sewage sludge dose7

modeling. The RAC also accepted ISSS’s use of radiation dose quantities, rather than risk, to express8

the impact of radionuclides in sewage sludge.  The RAC recommended that the revised dose9

coefficients published in ICRP 72 be used if feasible or, at a minimum, the possible effects of age on10

dose be considered.  While commending the ISSS for identifying a range of plausible radiation11

exposure scenarios, the RAC identified several exposure pathways that were not considered and12

recommended that regulatory requirements concerning  sludge disposition be integrated into the13

modeling effort to prevent use of unrealistic scenarios or parameters.  The RAC recommended that the14

selection of parameters and their distributions, as well as the sensitivity and uncertainty analyses, be15

better described and that a two-dimensional uncertainty analysis, addressing both variability and16

uncertainty, be considered.  The RAC made recommendations beyond the charge to consider exposure17

to liquid effluent from POTWs, and to use SI units.  The RAC made a general recommendation to18

update FGR-11 to reflect values in ICRP Publication 72.19

20

KEY WORDS:sewage sludge, ash, dose modeling, RESRAD, dose coefficients, effects of age on21

dose, radiation exposure scenarios for the POTW worker, radiation exposure scenarios for the general22

public, critical exposure pathways, land application of sewage sludge, land reclamation with sewage23

sludge, bioavailability of radionuclides in sewage sludge, solubility of radionuclides in sewage sludge,24

model validation 25
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1. EXECUTIVE SUMMARY81

The Office of Radiation and Indoor Air (ORIA), in cooperation with other federal agencies82

who are members of the Sewage Sludge Subcommittee of the Interagency Steering Committee on83

Radiation Standards (ISCORS), is developing guidance to inform Publicly Owned Treatment Works84

(POTW) authorities of the possibility for radioactive materials to concentrate in sewage sludge and85

incinerator ash.  A second purpose is to help the POTW authorities determine what actions may be86

considered depending on the concentration of radioactive materials present in their sewage sludge or87

ash.  As part of the effort by the Sewage Sludge Subcommittee, a report on dose modeling for88

radionuclides in sewage sludge and ash was prepared.  The Radiation Advisory Committee (RAC) was89

asked to provide an advisory on the dose modeling report.  The RAC organized its response around90

three charge questions and has provided some further advice to the agency in issues beyond the charge.91

1.1  Charge Question #1: Is the overall dose modeling methodology, including model92

selection, adequate?93

The RAC supports the ISCORS Sewage Sludge Subcommittee decision to address radiation94

exposure from sewage sludge and ash with RESRAD, a model that is readily available, is widely used,95

and appears to allow the use of a probabilistic approach for quantifying dose, as well as the uncertainty96

associated with the dose modeling results.  However, to achieve greater transparency, the RAC97

recommends that a discussion of the conceptual framework for the model be presented in terms of the98

possible applications envisioned by ISCORS for the dose modeling effort.99

The RAC strongly supports the use of other radiation dose models (e.g., PRESTO, GENII,100

and MICROSHIELD) for benchmarking RESRAD.  Any validation of RESRAD modules for which101

appropriate data are available, specific to its use in sewage sludge dose assessment, would enhance the102

credibility of the predicted values.  The RAC also encourages the ISCORS Sewage Sludge103

Subcommittee to verify and document the capability of the RESRAD family of codes to employ104

probabilistic input parameter values for the various exposure scenarios.  Finally, the RAC recommends105

that the ISCORS Sewage Sludge Subcommittee explore options for including model modifications to106

the RESRAD family of codes that will be necessary to faithfully capture some important site-specific107

characteristics.  108

The RAC accepts the ISCORS Sewage Sludge Subcommittee proposal to characterize the109

impact of radionuclides in sewage sludge in terms of “dose.”  In this particular application, “dose” is110

appropriate for use in comparing the results with existing standards and background values.  However,111

the ISCORS Sewage Sludge Subcommittee is cautioned about the use of the “dose” terminology and a112

glossary of appropriate dose terms is provided.  113

The RAC was informed by members of the ISCORS Sewage Sludge Subcommittee that114

“dose” as used in its dose assessment document means “Total Effective Dose Equivalent.”  The dose115

calculations were based on dose conversion factors given in Federal Guidance Report (FGR) 11.  The116
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values in FGR-11 were based in the ICRP approach defined for adult workers in ICRP Publications117

26 (ICRP 1976) and 30 (ICRP 1977-1988).  Revised ICRP dose coefficients for members of the118

public for ingestion and inhalation have been published and the RAC recommends that ICRP119

Publication 72 (ICRP 1996) and the associated CD-ROM published in ICRP 1998 be used.  Even if120

the ICRP Publication 72 approaches cannot be used in this report, it is important that the possible121

effects of age on dose, especially as received by infants and children, be considered in the assessment.122

 123

The ISCORS Sewage Sludge Subcommittee should clarify the specific circumstances for which124

the total effective dose equivalent values are being calculated.  The impact of possible changes in125

exposure conditions from year to year should be included in the uncertainty analyses.  126

The ISCORS Sewage Sludge Subcommittee has estimated the source term for many of the127

scenarios by assuming that 100 years of sludge application is mixed with the surface layer of soil.  That128

procedure will overestimate the actual concentration because of losses during the period of application. 129

The losses would occur not only from radioactive decay, but from erosion by wind and precipitation,130

by leaching to the groundwater, and by uptake and removal with crops.  A better estimation is to derive131

an effective half-life for the removal processes using radioactive decay constants, the universal soil-loss132

equation, and loss rates consistent with the assumptions about movement to groundwater and uptake in133

plants.134

1.2  Charge Question 2: Are the dose modeling scenarios reasonable?  Are they sufficiently135

representative of the major exposure situations?  Does the document adequately explain136

them?137

The ISCORS Sewage Sludge Subcommittee is commended for its identification and138

description of a range of plausible radiation exposure scenarios affecting both the POTW worker as139

well as the general public.  The exposure scenarios included (1) nearby town, (2) onsite resident, (3)140

landfill neighbor, (4) incineration neighbor, (5) recreational area use, (6) agricultural application worker,141

(7) low-exposure POTW worker (belt filter press operator) and (8) high- exposure POTW worker142

(bagging of dewatered sludge).  143

Although each of these scenarios is reasonable, the ISCORS Sewage Sludge Subcommittee144

has not fully examined potentially critical exposure pathways in some cases.  Onsite and landfill145

exposure scenarios failed to completely account for important site-specific heterogeneities such as146

fracture flow that could result in rapid and long-range transport of radionuclides.  The scenario147

descriptions do not mention the possibility of both soluble and colloidal transport of radionuclides148

associated with runoff from fields receiving sewage sludge applications.  Additionally, as stated in149

Section 3.4, Issues Beyond the Charge, the discharge of aqueous effluent from the POTW is not150

considered.  A critical omission in the ISCORS Sewage Sludge Subcommittee dose modeling report is151

an evaluation of the impact of the POTW sludge dewatering operations on the transport and152

bioavailability of radionuclides in land -applied sewage sludge.153
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In general, the dose modeling report adequately captures the major exposure situations154

affecting the general public.  The RAC endorses the ISCORS Sewage Sludge Subcommittee’s155

development and implementation of a transparent screening process that permits the relative ranking of156

exposure scenarios, which is critical for determining for which scenarios further refinement is justified. 157

The RAC encourages the development of a similar transparent screening tool for objectively identifying158

those POTW worker situations that represent major sources of radiation exposures.  The RAC159

recommends that the ISCORS Sewage Sludge Subcommittee explore methods for obtaining160

appropriate data to better characterize the distribution of exposure durations for typical land application161

operations and to critically evaluate and appropriately document  its assumptions.162

Although the radiation exposure scenarios described in the dose modeling report are163

appropriate for capturing the range of likely opportunities for radiation exposure from sewage sludge, it164

is not clear that the scenarios incorporated the specific regulatory requirements that currently limit how165

sludge may be used or disposed.  The RAC encourages the ISCORS Sewage Sludge Subcommittee to166

explicitly incorporate the 40 CFR Part 503 guidelines (and other applicable requirements) that limit the167

design and operation of sewage sludge land application, incineration, and surface disposal sites.  The168

RAC also encourages the ISCORS Sewage Sludge Subcommittee to incorporate existing and169

validated methodologies for defining reasonable parameter values.170

In many land reclamation projects, the quantity of land-applied sludge is considerably greater171

than what is allowable under the agricultural production scenario.  Under these circumstances, the172

extent of soil mixing is generally minimal, particularly at those land reclamation sites which contain little173

or no topsoil. The RAC recommends that the ISCORS Sewage Sludge Subcommittee provide174

scientific justification for assigning specific dilution factors to the source terms.  175

The RAC recommends full characterization of the sludge and ash to include analysis for all176

radionuclides of concern.  Further, all radionuclides that are identified through the analysis of the sludge177

and ash should be included in the radionuclide libraries of the models.  It appears that a potentially178

important radionuclide (Tc99m) was omitted.179

1.3  Charge #3: Are the approaches to obtaining modeling parameters and distributions180

scientifically defensible?  Is the methodology’s approach for characterizing uncertainty181

appropriate?182

In general, the selection of parameters and their distributions was not well described in the183

ISCORS Sewage Sludge Subcommittee draft dose modeling report provided to the RAC.  However,184

in the oral presentations, the Subcommittee members indicated that future drafts would be much185

improved and the RAC supports such improvements. 186

The use of one Kd for each radionuclide without consideration of speciation and other factors187

that cause Kds, solubilities, and bioavailabilities to vary across POTWs and land applications is not188

appropriate.  This could be handled by assigning these parameter values by species and application189

scenario or by widening the variability distributions for each radionuclide, as well as including an190
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additional degree of uncertainty. The RAC recommends that outside advice be obtained on how to191

treat the mobility of radionuclides in a soil-sludge mixture.192

The description of the sensitivity and uncertainty analysis in the current draft is inadequate for193

judging whether or not it is appropriate.  A more informative uncertainty analysis would be two-194

dimensional, addressing both variability and uncertainty, and would examine not only parameter195

uncertainty, but also uncertainties introduced by the selection of models and assumptions.  ISCORS196

Sewage Sludge Subcommittee should, at a minimum, acknowledge the difference between variability197

and uncertainty and provide an indication for each source, whether the distributions reflect variability,198

uncertainty, or a combination of both.  The subcommittee should address other sources of variability199

and uncertainty, such as dose conversion factors (including particle size distributions).  The uncertainty200

analysis should recognize correlations among parameters.201

A full description of the particular Latin Hypercube method employed should be provided and202

the number(s) of realizations for the Monte Carlo runs should be justified.  203

In the sensitivity analysis, the statements regarding nonlinearity should have some technical or204

physical basis.205

1.4  Issues beyond the charge206

The RAC understands that the ISCORS Sewage Sludge Subcommittee is limited to assessing207

doses from disposition of sewage sludge per se and does not intent to assess doses from discharges of208

liquid effluents from POTWs to nearby waters.  However, the fraction of soluble radioactive material209

contained in the liquid effluent from the POTW may, under some site-specific conditions, contribute210

significantly to the total dose experienced by people living near or working at POTWs. Additionally,211

liquid effluent can be used for irrigation of sites to which sludge has been applied, rather than water212

form other sources.  Therefore concentrations of radionuclides in soils may be higher than assumed in213

the source term for RESRAD and there may be additional occupational routes of exposure or an214

additional airborne source term. At a minimum, these issues should be discussed in the final dose215

assessment document.216

The RAC understands that the ISCORS Sewage Sludge Subcommittee is under a time217

constraint to provide the dose model as a tool to help interpret the results from the analysis of sludge218

and ash from 300 POTWs nationwide.   These results will be available in a few months and it is219

important to assist POTWs with assessment.  The EPA is considering revision of FGR-11 to reflect220

ICRP Publication 72 values.  If the revised FGR-11 were available in time for incorporation into this221

Sewage Sludge Dose Modeling report, it would be desirable to do so, both because of the improved222

dosimetry models used and the added ability to consider intakes by subjects of different ages.  223

224

Conventional units are used throughout the document.  The RAC recommends the use of SI225

units.  The RAC has also provided a glossary of terms which the ISCORS Sewage Sludge226
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Subcommittee should use to clarify the document.  The RAC recommends that Appendix A be revised227

to provide more complete information in a more consistent manner for all radionuclides of interest.  The228

RAC recommends elimination or modification of Appendix B.229

2. INTRODUCTION230

2.1  Background231

During the process of treating sewage, radionuclides can become reconcentrated in the residual232

solids, known as sewage sludge.  The radionuclides can come from discharges of man-made233

radioactive material by licensed users or from naturally occurring radioactive materials.  In a 1994234

report, the General Accounting Office (GAO) described nine cases where contamination was found in235

sewage sludge or ash or the wastewater collection system, which resulted in considerable cleanup236

expense to the POTW authority or specific industrial discharger of the wastewater. These incidents237

have been investigated and documented, but do not indicate the prevalence of radionuclides in publicly238

owned treatment works (POTW) sludge and ash around the country.  These incidents also do not239

provide an indication about whether levels actually measured pose any threat to human health and the240

environment.241

This advisory was developed by the Radiation Advisory Committee (RAC) of the Science242

Advisory Board (SAB) in response to a request to SAB Director Dr. Donald G. Barnes from Mr.243

Steven Page, Director of EPA’s Office of Radiation and Indoor Air (ORIA).  Mr. Page requested that244

the RAC review technical aspects of the Radionuclides in Sewage Sludge: Dose Assessment, Dose245

Modeling Report, which was developed by the Sewage Sludge Subcommittee of the Interagency246

Steering Committee for Radiation Standards (ISCORS).247

2.2  Charge to the SAB248

ORIA requested that the Science Advisory Board (SAB) Radiation Advisory Committee249

(RAC) provide a review of the draft Sewage Sludge Dose Modeling Report jointly issued by the U.S.250

Nuclear Regulatory Commission (NRC) and the U.S. Environmental Protection Agency (EPA),251

prepared as part of the Sewage Sludge Subcommittee of the Interagency Steering Committee on252

Radiation Standards (ISCORS).  The draft Sewage Sludge Dose Modeling Report provided the253

methodology for the agencies to use to assess potential radiation doses to workers and the public from254

various sewage sludge handling and disposal practices.  The dose estimates would then be included in255

the final Guidance Document to help operators of POTW understand and interpret radionuclide data256

associated with sewage sludge and ash.  The original charge questions were:257

1. Are the dose modeling scenarios reasonable?  Does the document adequately explain258

them?259

2. Are the scenarios sufficiently representative of the major exposure situations?260
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3. Are the approaches to obtaining modeling parameters and distributions scientifically261

defensible? Is the methodology’s approach for characterizing uncertainty appropriate?262

After discussion with ORIA and the ISCORS Sewage Sludge Subcommittee via publicly263

announced teleconference on November 27, 2000, the charge questions were modified and the request264

was changed from providing a review of the Dose Modeling Report to providing an advisory to the265

Sewage Sludge Subcommittee.  The draft Sewage Sludge Dose Modeling Report was in an early draft266

stage and it became obvious that the expertise of the RAC would be better utilized to provide direction267

to the Sewage Sludge Subcommittee in a collaborative way to guide  its progress on dose modeling. 268

The modified charge questions were:269

1. Is the overall dose modeling methodology, including model selection, adequate?270

2. Are the dose modeling scenarios reasonable?  Are they sufficiently representative of the271

major exposure situations?  Does the document adequately explain them?272

3. Are the approaches to obtaining modeling parameters and distributions scientifically273

defensible?  Is the methodology’s approach for characterizing uncertainty appropriate?274

The Sewage Sludge Subcommittee of the ISCORS comprises representatives from the EPA,275

NRC, Department of Energy, Department of Defense, State of New Jersey, City of Cleveland, and the276

county of Middlesex, New Jersey.  The RAC is pleased to have been selected by the Sewage Sludge277

Subcommittee to provide advice on the dose modeling report.  The report, which had been mailed to278

committee members, appeared to be a “work in progress.”  Indeed, by the time the RAC convened,279

the Sewage Sludge Subcommittee presented information which described  its intended direction and280

progress, but allowed the RAC the opportunity, through this advisory, to impact that direction.  The281

comments in this advisory have been carefully structured to provide specificity where the document282

needs improvement, but also to provide direction to guide the ISCORS Sewage Sludge Subcommittee283

in  its next revision.284

285

The RAC met December 12-14, 2000, and was briefed by members of the ISCORS Sewage286

Sludge Subcommittee’s Dose Assessment Workgroup.  In addition, the RAC conducted a 287

teleconference on November 27, 2000, and two writing/editing sessions by teleconference on288

December 21, 2000, and January 5, 2001.289

290

3. DETAILED FINDINGS AND RECOMMENDATIONS291

The RAC is supportive of the ISCORS Sewage Sludge Subcommittee’s efforts to provide292

dose modeling to assist the public, sewage treatment plant operators, and regulatory agencies in293

understanding the results from the analyses of sludge samples from 300 sewage treatment plants across294

the United States.  The RAC is pleased to provide advice to the ISCORS Sewage Sludge295
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Subcommittee at a critical time in  its model selection and parameterization. 296

3.1 Dose Modeling Methodology, including Model Selection297

3.1.1.  Model Selection298

The RAC supports the ISCORS Sewage Sludge Subcommittee decision to address radiation299

exposure from sewage sludge and ash with RESRAD, a model that is readily available, is widely used,300

and appears to allow the use of a probabilistic approach for quantifying dose, as well as the uncertainty301

associated with the dose modeling results.  The RESRAD family of codes has considerable flexibility in302

allowing the user to input site-specific values and evaluating the potential dose to an on-site resident.  303

To achieve greater transparency, the RAC recommends that a discussion of the conceptual304

framework for the model be presented in terms of the possible applications envisioned by ISCORS for305

this dose modeling effort.  Although the basic framework, in which the dose assessment methodology306

has been developed, is fundamentally sound, the descriptions of many of the principal components of307

the process are inadequate.  In particular, the section on “Model Selection” (i.e., Chapter 4) is308

incomplete and preliminary at this time, although the RAC understands that the limitations of the309

RESRAD family of codes will be identified along with their consequences on dose calculations.  Given310

that RESRAD is the model of choice, Chapter 4 of the dose modeling report should be restructured to311

provide adequate information to support this choice. 312

The current Table 4.1 indicates that several pathways are not covered by RESRAD 5.95 and313

the RAC is not certain whether they are covered by RESRAD 6.0.  These pathways are (1) ingestion314

of drinking water from a contaminated river, (2) ingestion of fish, and (3) surface water run-off.  These315

pathways should be covered.316

The RAC strongly supports the use of other radiation dose models (e.g, PRESTO, GENII, and317

MICROSHIELD) for benchmarking RESRAD in its specific use in the sewage sludge dose modeling. 318

Benchmarking may be particularly useful with respect to the inclusion of CAP-88 as the air dispersion319

model for RESRAD-Offsite.  Moreover, any validation of  RESRAD specific to its use in sewage320

sludge dose assessment would enhance the credibility of its predictions.  For example, concentrations321

of radionuclides in soil at a known old sewage sludge application site could be compared with the322

source term assumptions of RESRAD if the history of sludge application, including concentration data323

for the applied sludge, was available.  Validation of any other modules of RESRAD for which324

appropriate data are available would also enhance the credibility of its predicted values.325

Supporting quality control/quality assurance documentation for RESRAD was not made326

available to the RAC, leading to a concern that there could be a problem in using RESRAD for the327

implementation of the probabilistic assessment of dose.  It is unclear whether RESRAD was, in fact,328

developed with the expectation that probabilistic methods would eventually be employed for assigning329
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input parameter values.  If the model was initially developed without consideration of its possible use for330

probabilistic analysis, the inclusion of “probabilistic distributions” rather than “deterministic” values331

could lead to extrapolations beyond the range of applicability of the model.  Secondly, the use of a332

probabilistic approach for assigning input values to a deterministic model can result in a singularity in the333

model, caused by a division by zero or some other nonphysical result.  Although future documentation334

of the models may resolve these concerns, the RAC encourages the ISCORS Sewage Sludge335

Subcommittee to verify and document the capability of the RESRAD family of codes to employ336

probabilistic input parameter values for the various exposure scenarios.337

Finally, the RAC recommends that the ISCORS Sewage Sludge Subcommittee explore338

options for including model modifications to the RESRAD family of codes that will be necessary to339

faithfully capture some important site-specific characteristics.  For instance, fracture vs. matrix340

groundwater flow, indoor contamination and near-field air dispersion characteristics, dose coefficients,341

exposure factors, and other age dependence factors should be captured by RESRAD.342

3.1.2.  Dose Modeling Methodology343

The RAC accepts ISCORS Sewage Sludge Subcommittee proposal to characterize the impact344

of radionuclides in sewage sludge in terms of “dose.”  In this particular application, “dose” is345

appropriate for use in comparing the results with existing standards and background values.  However,346

the choice of dose vs. risk and the decision to use Federal Guidance Report (FGR) 11 and 12, rather347

than FGR-13, should be explicitly discussed for clarity.348

ISCORS Sewage Sludge Subcommittee should be careful in the use of “dose” terminology. 349

The unmodified term “dose” is not defined in the conventional health physics literature and should be350

defined in the document in which it is used.  Definitions of appropriate dose terms are provided in the351

glossary of this advisory.352

The RAC was informed by members of the ISCORS Sewage Sludge Subcommittee that353

“dose,” as used in its dose assessment document, means “Total Effective Dose Equivalent,” but this354

should be clarified in the document. Apparently, the dose calculations are based on the Dose355

Conversion Factors given in FGR-11.  The values in FGR-11 are, in turn, based on the ICRP356

approach defined for adult workers in ICRP Publications 26 (ICRP 1976) and 30 (ICRP 1977-1988).357

Revised ICRP dose coefficients for members of the public for ingestion and inhalation have358

been published since the publication of FGR-11.  These dose coefficients incorporate the tissue359

weighting factors given in ICRP Publication 60 (ICRP 1991) and a number of revised metabolic360

models described in ICRP Publications 56 (ICRP 1989), 67 (ICRP 1994), 69 (ICRP 1995), and 71361

(ICRP 1995).  Committed effective dose coefficients are computed for several different age groups (3362

months, 1, 5, 10, and 15 years and adult).  Results of these calculations for intakes of a broad range of363

radionuclides by ingestion or inhalation are given in ICRP Publication 72 (ICRP 1996) and the364
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associated CD-ROM published in ICRP 1998.  The ICRP Publication 72 dose coefficients are, in365

some cases, different by as much as an order of magnitude from the FGR-11 dose coefficients.  We366

recommend that ICRP Publication 72 methods be used in place of FGR-11, if time permits.367

Even if ICRP Publication 72 approaches cannot be used in this report, it is important that the368

possible effects of age on dose, especially as received by infants and children, be considered in the369

assessment.  In some of the scenarios proposed by the ISCORS Sewage Sludge Subcommittee,370

exposures can continue over an entire lifetime.  Perhaps simple bounding calculations could be371

performed for some important radionuclides that would indicate the relative importance of exposure in372

the childhood years compared with the annual intakes received as adults.  Results of such analyses373

could be presented and discussed as part of the uncertainty analyses.374

It is important that the ISCORS Sewage Sludge Subcommittee clarify the specific375

circumstances for which the total effective dose equivalent values are being calculated.  According to376

the text, a one-year exposure will be used along with a 50-year dose-commitment period.  Because the377

exposure scenarios that have been selected involve exposures over many years, it is not clear from the378

draft report what exposure year will be used for these calculations.  Apparently RESRAD has the379

ability to calculate these dosimetry values for many years and report the highest annual value.  The380

authors should elaborate on their strategy for selecting and using particular years in their calculations. 381

The impact of possible changes in exposure conditions from year to year should be included in the382

uncertainty analyses.383

The ISCORS Sewage Sludge Subcommittee has estimated the source term for many of the384

scenarios by assuming that 100 years of sludge application is mixed with the surface layer of soil,385

resulting in a two-to-one dilution of the assumed 1 pCi/g concentration of a radionuclide in the sludge. 386

That procedure will overestimate, often greatly, the actual concentration because of losses during the387

period of application.  The losses would occur not only from radioactive decay, but from erosion by388

wind and precipitation, by leaching to the groundwater, and by uptake and removal with crops.  A389

better estimation is to derive an effective half-life for the removal processes using radioactive decay390

constants, the universal soil loss equation, and loss rates consistent with the assumptions about391

movement to groundwater and uptake in plants.  Then a steady-state concentration in soil could be392

calculated for equilibrium conditions.  See Foster Wheeler Environmental Corporation (1998) for393

information on a modeling approach that includes erosion and other losses.394

3.2 Dose Modeling Scenarios395

The ISCORS Sewage Sludge Subcommittee is commended for its identification and396

description of a range of plausible sewage sludge exposure scenarios affecting both the POTW worker397

as well as the general public. The exposure scenarios included (1) nearby town, (2) onsite resident, (3)398

landfill neighbor, (4) incineration neighbor, (5) recreational area use, (6) agricultural application worker,399

(7) low exposure POTW worker (belt filter press operator), and (8) high-exposure POTW worker400

(bagging of dewatered sludge).  401
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Although these scenarios are reasonable, the ISCORS Sewage Sludge Subcommittee has not402

fully examined potentially critical exposure pathways in some cases.  The onsite and landfill exposure403

scenarios failed to completely account for important site-specific heterogeneities such as fracture flow404

that could result in rapid and long-range transport of radionuclides.  The scenario descriptions do not405

mention the possibility of both soluble and colloidal transport of radionuclides associated with runoff406

from fields receiving sewage sludge applications.  Additionally, as stated in Section 3.4 “Issues Beyond407

the Charge,” the discharge of aqueous effluent from the POTW is not considered.  The RAC believes408

it is important that these transport mechanisms be included even if it means using a model other than409

RESRAD or modifying RESRAD.410

A critical omission in the ISCORS Sewage Sludge Subcommittee dose modeling report is an411

evaluation of the impact of the POTW sludge dewatering operations on the transport and bioavailability412

of radionuclides in land-applied sewage sludge.  For example, while filtration and centrifugal dewatering413

processes (e.g., filter presses, centrifuges, etc.) effectively separate soluble radionuclides from the414

sludge solids, evaporative dewatering processes (e.g., drying beds) retain both insoluble and soluble415

radionuclides in the final sludge product.  Because of the potential for some land-applied sewage sludge416

to contain a relatively large and highly mobile fraction of soluble radionuclides, dose modeling scenarios417

should clearly describe the impact of the type(s) of dewatering process operations used at the POTW418

on both the final sewage sludge quality and the predominant mechanisms that influence radionuclide419

transport in the environment.  In addition to potentially enhancing the rate and extent of radionuclide420

transport, a larger fraction of soluble radionuclides in land-applied sewage sludge may also impact the421

biokinetic properties of radionuclides taken into the body and resulting dosimetry calculations.  Simple422

mass balance calculations that reasonably reflect the fate and transport of radionuclides in land-applied423

sewage sludge can be used to document the relative importance of both radionuclide solubility and424

POTW sludge dewatering operations on estimated radiation dosages.425

In general, the dose modeling report adequately captures the major exposure situations426

affecting the general public.  The RAC endorses the ISCORS Sewage Sludge Subcommittee’s427

development and implementation of a transparent screening process that permits the relative ranking of428

exposure scenarios, which is critical for determining for which scenarios further refinement is justified.429

The RAC encourages the ISCORS Sewage Sludge Subcommittee to develop a similar transparent430

screening tool for objectively identifying those POTW worker situations that represent major sources of431

radiation exposures.  Without such a screening process, it is impossible to determine whether, in fact,432

the two POTW worker scenarios addressed in the report actually capture the full range of likely433

exposures.  The RAC recommends that the ISCORS Sewage Sludge Subcommittee explore methods434

for obtaining appropriate data to better characterize the distribution of exposure durations for typical435

land-application operations.  The RAC expressed concern that the ISCORS Sewage Sludge436

Subcommittee did not adequately justify assumptions for occupational exposures (e.g., 2000 hour437

annual exposure) given the seasonal nature of the land application activities in most parts of the country. 438

The RAC recommends that the ISCORS Sewage Sludge Subcommittee critically evaluate and439

appropriately document  its assumptions.440
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Although the radiation exposure scenarios described in the dose modeling report are441

appropriate for capturing the range of likely opportunities for radiation exposure from sewage sludge, it442

is not clear that the scenarios incorporated the specific regulatory requirements that currently limit how443

sludge may be used or disposed.  The RAC encourages the ISCORS Sewage Sludge Subcommittee to444

explicitly incorporate the 40 CFR Part 503 guidelines (and other applicable requirements) that limit the445

design and operation of sewage sludge land-application, incineration, and surface disposal sites when446

selecting model parameters and distributions. Moreover, where appropriate, the RAC encourages the447

ISCORS Sewage Sludge Subcommittee to incorporate existing and validated methodologies for448

defining reasonable parameter values (e.g., use of the Hydrologic Evaluation of Landfill Performance449

[HELP ] Model, EPA/600/R-94/168b, to estimate the quantity and quality of leachate).450

The draft assessment document states that no credit for water treatment would be given in451

assessing doses from drinking water for the nearby town scenarios.  However, except for very small452

community water supplies, the water utilities would be subject to the MCLs for radionuclides and453

would need to treat for radionuclides if any exceedances persisted.  Doses from the drinking water454

pathway would be limited correspondingly.  At the least, this issue should be discussed in the final dose455

assessment document.456

In many land reclamation projects, the quantity of land -applied sludge is considerably greater457

than what is allowable under the agricultural production scenario.  Under these circumstances, the458

extent of soil mixing with applied sludge is generally minimal, particularly at those land reclamation sites459

which contain little or no topsoil.  The RAC recommends that the ISCORS Sewage Sludge460

Subcommittee provide scientific justification for assigning specific dilution factors to the source terms.461

ISCORS Sewage Sludge Subcommittee should describe the spectrometry analysis used to462

analyze the sludge and ash samples.  If only gamma spectrometry was used, non-gamma emitters could463

have been missed. The RAC recommends full characterization of the sludge and ash to include analysis464

for all radionuclides of potential concern. All radionuclides that are identified through the sludge and ash465

analysis should be included in the radionuclide libraries of the models.466

Within the dose modeling scenarios, the radionuclide Tc99m was not included among the467

radionuclides of concern, Table 2-1.  This radionuclide is discharged in significant quantities from468

nuclear medicine operations and has been identified in sludge and/or sewage (Prichard et al., 1981;469

Ault, M.R., 1989; Kennedy et al., 1992; Ainsworth et al., 1994; Shearer et al., 1995).  Although470

Tc99m has a short half-life and would not contribute in nonoccupational scenarios, it could potentially471

contribute to direct radiation exposure of treatment plant workers.472

3.3 Obtaining model parameters and distributions, and characterizing uncertainty473

474

3.3.1.  Model parameters and distributions475

In general, the selection of parameters and their distributions was not well described in the476
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ISCORS Sewage Sludge Subcommittee draft dose modeling report provided to the RAC.  In its oral477

presentations, the ISCORS Sewage Sludge Subcommittee indicated that future drafts would be much478

improved in this regard.  The RAC supports such improvements.479

The RAC recommends that ISCORS Sewage Sludge Subcommittee delineate which of the480

input parameters are unique to the sludge modeling and which have been previously examined in soil481

models.  This would permit a reviewer to focus on the new information.482

483

The use of one Kd for each radionuclide without consideration of speciation and other factors484

that cause Kds, solubilities, and bioavailabilities to vary across POTWs and land applications is not485

appropriate. The aqueous chemistry of sewage sludge (i.e., pH, pCO2, dissolved solids, organic486

content, etc.) may vary greatly based on geographic location and treatment methodologies.  These487

variations could lead to drastic changes in the radionuclide species present, and consequently, the488

model parameters associated with them (e.g., Kd s, solubility constants and bioavailability factors.)  This489

could be handled by assigning these parameter values by species and application scenario or by490

widening the variability distributions for each radionuclide, as well as including an additional degree of491

uncertainty. The use of soil Kd values is somewhat misleading.  Depending on the sludge dewatering492

processes, radionuclides with substantial affinity for water in comparison to sludge solids may be largely493

removed during treatment. This issue was discussed in section 3.2, “Dose modeling scenarios.”  We494

recommend that outside advice be obtained on how to treat the mobility of radionuclides in a soil-495

sludge mixture.496

3.3.2. Uncertainty497

The description of the sensitivity and uncertainty analysis in the current draft is inadequate for498

judging whether or not it is appropriate.  The ISCORS group described future plans for conducting the499

sensitivity and uncertainty analyses using Monte Carlo analyses with consideration of correlations.  The500

RAC did not entirely understand this presentation and recommends that all procedures and assumptions501

are thoroughly documented and peer reviewed.502

RESRAD was originally developed as a deterministic model.  The model should be checked for503

difficulties relating to the probabilistic approach, e.g., singularities that could arise by dividing by a zero504

value for some parameter. (See Charge #1).505

A more informative uncertainty analysis would be two-dimensional, addressing both variability506

and uncertainty, and would examine not only parameter uncertainty but also uncertainties introduced by507

the selection of models and assumptions.  ISCORS Sewage Sludge Subcommittee should, at a508

minimum, acknowledge the difference between variability and uncertainty and provide an indication for509

each source, whether the distributions reflect variability, uncertainty, or a combination of both.  The510

uncertainty analysis should recognize correlations among parameters.511

ISCORS Sewage Sludge Subcommittee should address other sources of variability and512
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uncertainty, such as dose conversion factors (including particle size distributions).513

A full description of the particular Latin Hypercube method employed should be provided, and514

the number(s) of realizations for the Monte Carlo runs should be justified. 515

In the sensitivity analysis, the statements regarding nonlinearity should have some technical or516

physical basis.517

Table 7-4 of the draft report does not include the mean and median, only the 5th and 95th518

percentiles and the minimum and maximum. The mean and median are certainly more meaningful than519

the minimum and maximum values, since the minimum and maximum depend heavily on the number of520

iterations.521

3.4 Issues Beyond The Charge522

The RAC understands that the ISCORS Sewage Sludge Subcommittee is limited to assessing523

doses from disposition of sewage sludge per se and does not intend to assess doses from discharges of524

liquid effluents from POTWs to nearby waters.  The reason for this limitation was not made clear to the525

RAC by the ISCORS team; it may be a policy choice based on a presumption that the POTW’s526

National Pollution Discharge Elimination System (NPDES) permit will sufficiently control radionuclides527

in the liquid effluent.  However, the fraction of soluble radioactive material contained in the liquid528

effluent from the POTW may, under some site-specific conditions, contribute significantly to the total529

dose experienced by people living near or working at POTWs.  At a minimum, this issue should be530

discussed in the final dose assessment document. Moreover, liquid effluent can be used for irrigation of531

sites to which sludge has been applied, rather than water from other sources. Therefore, concentrations532

of radionuclides in soils may be higher than assumed in the source term for RESRAD and there may be533

additional occupational routes of exposure or an additional airborne source term when effluent is used534

to irrigate the land application site.  The ISCORS Sewage Sludge Subcommittee should at a minimum535

discuss the irrigation issue and should consider including irrigation with effluent in the exposure536

scenarios.  Assaying the liquid effluent as well as the sludge would help in understanding the partitioning537

of the radioactivity leaving the POTW among sewage sludge, liquid effluent, and (possibly) air538

emissions.  Worker exposure could be monitored through personal or area dosimeters.539

The RAC understands that the ISCORS Sewage Sludge Subcommittee is under a time540

constraint to provide the dose model as a tool to help interpret the results from the analysis of sludge541

and ash from 300 POTWs nationwide.  These results will be available in a few months and it is542

important to assist POTWs with assessment.  The EPA is considering revision of FGR-11 to reflect the543

ICRP Publication 72 approaches/values.  However, the RAC is uncertain when such improved544

numbers will be available.  If they were available in time for incorporation into this Sewage Sludge545

report, it would be desirable to do so, both because of the improved dosimetry models used and the546

added ability to consider intakes by subjects of different ages.  Such usage would be consistent with the547

approach used in FGR-13, the most current EPA guidance.  If this approach can not be used in the548
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present report, the authors should include an explanation of why it is not and explain the impact of using549

the older approach.550

3.4.1. Terminology551

Conventional units are used throughout the document.  The RAC recommends the use of SI552

units. 553

The RAC recommends that the document be retitled as “Radionuclides in Sewage Sludge and554

Ash: Dose Assessment Methodology.”555

The RAC recommends that the ISCORS Sewage Sludge Subcommittee use the terms NORM556

and TENORM in this document, rather than using the term “enhanced NORM.”  NORM can be used557

for exposures to naturally occurring radionuclides under undisturbed conditions and TENORM can be558

used for exposure to naturally occurring radionuclides whose concentrations or availability have been559

altered (technologically enhanced, TE) by human activities, and therefore are more likely to be eligible560

for control.  TENORM appears to be an important component of the radionuclides found in sludge. 561

The term TENORM is becoming well established in the field.  It is used in Part N of the562

Suggested State Regulations published by the Conference of Radiation Control Program Directors, has563

been adopted by NAS/NRC (1999), and is also used by EPA in other documents (e.g. EPA, 2000a;564

b; c).  The definition of TENORM used in NAS/NRC (1999) is included in the glossary.565

The final dose assessment report must be very careful in the use of the terms “isotopes”,566

“radioactivity”, “radionuclides”, and “radioactive materials”.  The report should also use the correct567

modeling nomenclature.  (See glossary.)568

On page 3 of the draft dose modeling report, the term “dose-response” is used.  The RAC has569

used “dose-response” to mean a biological response to a particular dose.  The meaning on page 3 is570

unclear. 571

3.4.2. Consideration of Audience572

Members of the public attending the RAC meeting stated their concerns with the possible573

misunderstandings arising from the use of the dose assessment document.  Suggestions were made that574

would allow the public to make comparisons with background radiation so that they could gain575

perspective on the projected doses from sewage sludge to workers or the public.  The ISCORS576

Sewage Sludge Subcommittee provided the latest draft of the Guidance Document to the RAC. 577

Section 3.3.3, “How Radiation Doses from Sewage Sludge and Ash Compare to Average Radiation578

Doses from All Sources,” provides comparison information. It is important that the final dose579

assessment document produced by ISCORS Sewage Sludge Subcommittee directs the reader to the580

Guidance Document for assistance in understanding the dose assessment information.581
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3.4.3. Technical accuracy582

The material in Section 2.2, “Radiological Properties of Sewage Sludge” on pages 8-10 is for583

the most part irrelevant.  There is considerable discussion of the uses of radioactive materials, but many584

of the uses discussed involve sealed sources, which are unlikely to find their way into sewage sludge. 585

Some of the statements are technically incorrect. Examples are: 586

P 9, L 9: the “isotopes” produced in reactors result from low-energy, not high-energy, neutron587

interactions;588

P 9, L 12: the concentrations of radiocarbon measured in dating are usually below ambient and589

unlikely to contribute to sludge contamination; 590

P 10, L 6-7: strictly speaking the Department of Energy is not “licensed” for isotopes; 591

P 10, L 26: it is unit concentration being assumed, not unit quantity.  592

The RAC suggests a more focused discussion that draws examples from actual contamination593

situations.  Thus more detailed discussion of actual contamination resulting from the manufacture of594

smoke detectors (Am-241) or from discharge of I-131 from nuclear medicine facilities would be much595

more relevant than implying that radiocarbon dating or use of sealed sources in industrial gauges is596

somehow related to the radiological properties of sewage sludge. 597

3.4.4. Comments  related to the appendices598

Appendix A includes an overview of radionuclide movement in the environment.  However,599

some nuclides are extensively discussed, while the descriptions of others are very brief.  The RAC600

recommends that Appendix A be revised to provide more complete information in a more consistent601

manner for all radionuclides of interest.  In some cases, significant information may have been omitted602

for the sake of brevity.  For instance, Appendix A states that U-235 is of secondary importance.  In603

fact, the decay products of U-235 can contribute significantly to inhalation doses, particularly Pa-231604

and Ac-227.   Appendix A provides valuable information that is unlikely to be readily available to605

POTW owners.  It deserves careful editing.606

Appendix B should be eliminated or modified to reflect the changes to be made in Chapter 4. 607
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APPENDIX A - GLOSSARY OF TERMS  AND ACRONYMS608

Absorbed Dose (D): The quotient dE by dm, where dE is the mean energy imparted by609

ionizing radiation to matter of mass dm.  The special SI unit of absorbed dose is the gray (Gy); the610

conventional unit is the rad (1 rad = 0.01 Gy).611

Benchmarking: Benchmarking is part of the software verification process that involves comparing results612

of two or more codes against each other, or to an analytical solution.  It entails the use of a613

standardized problem or test that serves as a basis for evaluation or comparison of software system614

performance.  This mathematical analysis assures that the behavior of the code to be benchmarked is615

predictable and performs as intended.616

Calibration: Refers to the use of experimental and/or field data to constrain the value of the varioables617

and parameters used in a model to satisfy its use for a specific application.618

Committed Dose Equivalent: The total radiation dose equivalent to the total body or specified part of619

the body that will be accumulated over 50 years following an intake of radioactive material.620

Committee Effective Dose Equivalent: The weighted sum of committed dose equivalent to specified621

organs and tissues, in analogy to the effective dose equivalent.622

Committed Equivalent  Dose (H(t)): The time integral of the equivalent dose rate in a particular tissue or623

organ that will be received by an individual following intake of radioactive material into the body. The624

integration time (t) is 50 years for the adults. For children and young persons, doses are calculated to625

age 70 years. 626

627

Committed Effective Dose (E(t)): The sum of the products of the committed organ or628

tissue equivalent doses and the appropriate organ or tissue weighting factors (wT), where t is the629

integration time in years following the intake.630

Deep dose equivalent index (Hi,d): Maximum dose equivalent in the ICRU sphere within a core radius631

of 14 cm. The sphere is centered at the point in space to which the quantity is assigned. This quantity is632

one of two restricted dose indices.633

Dose Coefficient: Committed or integrated tissue dose equivalent and effective dose equivalent per unit634

intake of activity. (Sv/Bq).635

Effective Dose (E): The sum of the weighted equivalent doses in all the tissues and organs of the body636

given by the expression: E = Ε wTHT,R where wT is the weighting factor for organ or tissue, T, and637
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HT,R is the equivalent dose in tissue or organ T due to a given radiation, R.638

Equivalent Dose (H): The absorbed dose averaged over a tissue or organ, DT (rather than a point) and639

weighted for the radiation quality, wR (radiation weighting factor) of the irradiating radiation, i.e., HT,R =640

DT wR, as expressed in joules/kilogram or Sieverts.641

ISCORS:Interagency Steering Committee on Radiation Standards642

Isotope: One of two or more atoms with the same number of protons, but a different number of643

neutrons, in their nuclei.  Thus, carbon-12, carbon-13, and carbon-14 are isotopes of the element644

carbon, the numbers denoting the approximate atomic weights.  Isotopes have very nearly the same645

chemical properties, but often different physical properties (for example, carbon-12 and -13 are stable,646

carbon-14 is radioactive.) 647

ORIA: Office of Radiation and Indoor Air, Environmental Protection Agency648

Peer Review: Peer review is a general term that can greatly vary in content depending on the maturity of649

the problem under consideration.  The peer review of a process model can involve the structural (i.e.,650

software) or conceptual elements of the model or both.  A thorough peer review of a mature process651

model entails Verification an Validation testing (V&V).  V&V is a basic process that ensures the quality652

of used knowledge.653

POTW: - Publically Owned Treatment Works 654

Radioactivity: The process of undergoing spontaneous transformation of the nucleus, generally with the655

emission of alpha or beta particles, often accompanied by gamma rays.  The term is also used to656

designate radioactive materials.657

Radioisotope: A radioactive isotope; i.e. an unstable isotope that undergoes spontaneous658

transformation, emitting radiation.  Approximately 2500 natural and artificial radioisotopes have been659

identified.660

Radionuclide: A general term referring to any known isotope, either stable (about 290) or unstable661

(about 2200), of any chemical element.662
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Radioactive Isotope: A radioisotope.663

Sensitivity Analysis: Refers to a methodology for evaluating the sensitivity of model results to the664

variation of its input parameter values and physical description (e.g., boundary conditions).665

TENORM: Technologically Enhanced Naturally Occurring Radioactive Material - 666

Technologically enhanced naturally occurring radioactive materials are any naturally occurring667

radioactive materials not subject to regulation under the Atomic Energy Act whose radionuclide668

concentrations or potential for human exposure have been increased above levels encountered in the669

natural state by human activities. 670

Tissue Weighting Factor: The relationship between the probability of stochastic effects and equivalent671

dose is found also to vary with the organ or tissue irradiated. It is, therefore, appropriate to define a672

further quantity, derived from equivalent doe, to indicate the combination of different doses to several673

different tissues in a way which is likely to correlate well with the total of the stochastic effects. The674

factor by which the equivalent dose in tissue or organ T is weighted is called the tissue weighting factor,675

wT. 676

Total Effective Dose Equivalent:The sum of the deep-dose equivalent (for external exposures) and the677

committed effective dose equivalent (for internal exposures).678

Uncertainty Analysis: Refers to the study of the uncertainty of the model outputs as a function of679

parameter and data uncertainties.680

Validation: Refers to models which are comprised of structural (i.e., software) and conceptual elements. 681

Validation entails methods to ascertain that the system built is the right one and captures all of the682

essential physical and chemical elements necessary to describe the problem.  Controlled laboratory683

measurements, field experimental tests, and observations of the behavior of the natural system can all be684

used to test the model’s realism.685

Verification: Refers to software development.  Verification is a form of code control, which involves686

estalishing that the software is mathematically sound, accurate, and numerically stable.   Verification687

results in the implementation of specified Software Certification goals.  This is a reiterative process,688

comparable to the use of “blanks” and “standards” in experimental protocols.  Verification implies689

reaching a certain level of confidence in the correctness of the software system.  A common verification690

technique involves running the code with specified boundary conditions and parameters and comparing691
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the results to other codes under the same conditions (e.g., benchmarking).692
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